Methotrexate (MTX) is a potent inhibitor of the enzyme dihydrofolate reductase (DHFR, EC 1.5.1.3), which catalyses the NADPH-dependent reduction of dihydrofolic acid to tetrahydrofolic acid, the latter being an essential cofactor in the biosynthesis of certain amino acids, purines and, most importantly, thymidine. As such, MTX is an effective antineoplastic agent and has been used for many years in the treatment of various types of cancer. Resistance to MTX is a frequent clinical finding, and extensive studies in experimental systems have revealed three major mechanisms of resistance: a decrease in the influx of MTX (Fisher, 1962; Sirotnak et al., 1968) ; expression of an altered, less MTX-sensitive form of DHFR (Flintoff & Essani, 1980; Goldie et al., 1981; Haber et al., 1981) , and an increase in DHFR activity (Fisher, 1961; Alt et al., 1978) . This latter mechanism has been shown to be due to the overproduction of DHFR (Kellems et al., 1976; Flintoff et al., 1982) , which results from the Abbreviations used: ID50, concentration of drug at which cell growth is inhibited by 50%; MTX, methotrexate; DHFR, dihydrofolate reductase (EC 1.5.1.3); PMSF, phenylmethanesulphonyl fluoride; cDNA, complementary DNA.
Vol. 225 amplification of the genes coding for DHFR (Alt et al., 1978) .
Although in many of the resistant cell lines the amount of DHFR in the cells correlates well with the DHFR-gene copy number, some exceptions have been reported in the literature (Melera et al., 1980; Domin et al., 1983 ). In addition, overproduction of certain proteins in cells resistant to other compounds, e.g. pyrazofurin (Suttle, 1983 ; Kanalas & Suttle, 1984) and canavanine (Su et al., 1981) , do not correlate well with the extent of amplification, and other possible mechanisms for overproduction have been suggested.
Increased DHFR activity is almost always associated with an increase in DHFR protein; however increased activity could also be due to the expression of a variant DHFR with higher activity, or it could also come about by the activation of the normal DHFR by an activator. In the present paper we describe a MTX-resistant human promyelocytic-leukaemia (HL-60) cell line with greatly increased DHFR activity but without a detectable increase in DHFR protein, mRNA or gene copy number. The increased activity must therefore be due to some form of modification of DHFR, be it the expression of a variant form of the enzyme or an activation of DHFR in vivo.
S. Dedhar, D. Hartley and J. H. Goldie Materials and methods Cell culturing and selection ofMTX-resistant sublines HL-60 promyelocytic-leukaemia cells (Collins et al., 1977) were grown as suspension cultures in RPMI 1640 medium, supplemented with foetalcalf serum (10%, v/v) , glutamine (2mM), penicillin (100 units/ml) and streptomycin (100p1/ml) (obtained from Grand Island Biological Co., Grand Island, NY, U.S.A.). Cells were initially exposed to 5nM-MTX, and subsequent increases in MTX concentrations were stepwise at half-logarithmic intervals up to 10 pM. HL-60 (R4 -) cells were derived from R4 cells and allowed to grow in the absence of MTX.
HeLa cells were grown as monolayer cultures in Eagle's minimum essential medium with Earle's salts supplemented with foetal-calf serum (10%), glutamine (2mM), penicillin (100 units/ml) and streptomycin (I00pl/ml). MTX-resistant cells were selected as described above for HL-60 cells.
Preparation of cell lysates and DHFR assay
Cell lysates were prepared as described previously (Goldie et al., 1981) . The cell lysates were divided into portions and stored at -70°C in the presence of 0.1 mM-PMSF. DHFR activity was measured by using 3H-labelled dihydrofolic acid as substrate.
[3H]Dihydrofolic acid was synthesized in our laboratory by dithionite reduction of [G-3H] folic acid (5Ci/ mmol) (Amersham Corp., Oakville, Ont., Canada) by the method of Hayman et al. (1978) . The radiopurity of each preparation of [3H]dihydrofolic acid was determined by paper chromatography as described in Hayman et al. (1978) and was found routinely to be 90% or greater. The [3H]dihydrofolic acid was stored in portions as a dry powder at -70°C. When needed, portions were dissolved in 1 ml of 20mM-Tris/HCl, pH7.3, and the concentration and specific radioactivity determined for each portion by measuring the A282 in 20mM-Tris/HCl, pH 7.3 (taking the molar absorption coefficient at 282nm as 28400litre mol-' cm-) (Blakely, 1969) , and by liquid-scintillation counting.
The dihydrofolate reduction was assayed in 12.5 mM-Tris/HCl (pH 7.5)/0. (Varschavsky, 1981 ) using a hybri-dot manifold (Bethesda Research Laboratories, Gaithersburg, MD, U.S.A.). The filters were then washed in 3M-NaCl/lOmM-sodium EDTA, pH 7.5, air-dried and then baked under vacuum at 80°C for 2h.
The filters were prehybridized in 5 x SSC (1 x SSC is 0.15M-NaCl/0.015M-sodium citrate, pH 7.0), 50% (v/v) formamide, 0.1% SDS, 5 x Denhard's solution [1 x Denhard's is 0.02% (w/v) each of bovine serum albumin, Ficoll and polyvinylpyrrolidone] and sonicated denatured salmon sperm DNA (100yg/ml) at 42°C for 16h. Hybridization was carried out in the above solution containing 32P-labelled nick-translated DHFR cDNA (0.5 x 107 c.p.m./ml; specific radioactivity 1 x 108c.p.m./yg) at 42°C for 24h. The papers were then sequentially washed in 2 x SSC/0.1% SDS at room temperature, 0.1 x SSC/0.1% SDS at 500C and finally in 0.1 x SSC/0.1% SDS at room temperature and exposed to X-ray film (Kodak XOmat AR) at -70°C. After autoradiography, squares of nitrocellulose corresponding to the spots were counted for radioactivity by liquid-scintillation counting. Synthesis of32P-labelled cDNA A 32P-labelled DNA complementary to a murine DHFR cDNA, which was present in a cloned plasmid (pDHFR 11), was synthesized by nick translation. The plasmid DNA was digested with the restriction enzyme Pstl to remove the inserted DNA and electrophoresed in 1%-agarose gel. The inserted DNA was extracted from the gel and nicktranslated with [a-32P] dCTP by using a nick-translation system supplied by Amersham Corp.
Lack of correlation between increased dihydrofolate reductase activity and overproduction mRNA isolation and determination of the relative DHFR mRNA content mRNA was isolated from MTX-sensitive and -resistant HL-60 cells as described previously (Dedhar & Goldie, 1983) . Relative DHFR mRNA content was determined essentially as described by Collins et al. (1983) . Briefly, known amounts of poly(A)+ mRNA were adjusted to 20mM-sodium phosphate, pH6.8, in 50% formamide (deionized)/7% (v/v) formaldehyde (denaturation buffer) and incubated at 65°C for 15min to denature the RNA. Portions (5-50 1) were then added to 0.3 ml of 11 x SSC in 3.5% formaldehyde and the volume was made up of 0.4ml with denaturation buffer.
The entire 0.4 ml was applied as described above to nitrocellulose filters that had been rinsed with 20 x SSC. After baking the filters for 2h at 8O°C under vacuum, the mRNA was hybridized with 32P-labelled nick-translated DHFR cDNA as described above.
Labelling ofcells
Exponentially growing HL-60 (S) and HL-60 (R4) cells were washed twice in methionine-free medium and suspended at approx. 8 x 105 cells/ml (total volume 50ml) in the same medium supplemented with 10% foetal-calf serum. After 90min of incubation at 37°C, the cells were pelleted and resuspended in fresh methionine-free medium containing 10% foetal-calf serum and lOuCi of [35S]methionine/ml (105Ci/mmol). After 2h of incubation the cells were pelleted and washed three times with cold phosphate-buffered saline [O.15 MNaH2PO4,H20/O.15M-Na2HPO4 (pH 7.2)/0.9% (w/v) NaClI] containing lOmM-methionine. Cell lysates were then prepared as described above. Incorporation of radioactive label into protein was determined by precipitation with trichloroacetic acid. Briefly, a small portion of the labelled lysate was applied to a glass-fibre cellulose disc which was then washed sequentially in ice-cold 10% (w/v) trichloroacetic acid for 10min, 5% (w/v) trichloroacetic acid for 5min and 95% (v/v) ethanol. The disc was dried, transferred to a liquid-scintillation vial and counted for radioactivity in a liquidscintillation counter.
The 35S-labelled cell extracts were used for immunoprecipitation and SDS/polyacrylamide-gel electrophoresis.
Immunoprecipitation
The immunoprecipitation reactions were carried out by using rabbit anti-(mouse DHFR) antibody as described previously (Dedhar & Goldie, 1983) . Portions of the eluted labelled proteins from the immune complexes were either quantified by liquid-scintillation counting of trichloroacetic acid-precipitable material or analysed by SDS/polyacrylamide-gel electrophoresis autoradiography (Dedhar & Goldie, 1983 ).
Immune-dot-blot assays and
The amount of DHFR protein in HL-60 (S) and HL-60 (R4) cell lysates was also quantified by a dot-blot assay. Known amounts (0.1-50g) of protein in 0.4ml of Tris-buffered saline (20mM-Tris/500mM-NaCl, pH 7.5) were applied to a nitrocellulose filter [0.20,m pore size] by using a hybridot manifold (Bethesda Research Laboratories). After being dried the filter paper was immersed in blocking solution [Tris-buffered saline containing 3% (w/v) bovine serum albumin] for 45min. The nitrocellulose paper was then transferred into a solution containing rabbit anti-DHFR antiserum raised against purified DHFR from mouse leukaemia (L5 1 78Y) cells (Dedhar & Goldie, 1983) . After 1 h the paper was washed in Tris-buffered saline for 20min (2 x 100 ml washes; 0min each). The paper was next transferred into a solution containing horseradish-peroxidase-conjugated goat anti-rabbit immunoglobulin and allowed to incubate for 1 h. The free and non-specific bound antibody was removed by washing the paper in Tris-buffered saline as described above. The nitrocellulose paper was then immersed in a solution consisting of a 1 :1 (v/v) mixture of H20, and 2,2'-azinobis-(3-ethylbenzthiazolinesulphonate) (Kirkegaard and Perry Laboratories, Gaithersburg, MD, U.S.A.). Positive reactions were indicated by the appearance of purple dots.
Results

Isolation ofMTX-resistant HL-60 variants
The selection of MTX-resistant cells from the wild-type MTX-sensitive HL-60 cells was initially carried out in the presence of 5 nM-MTX, and thereafter selection of cells resistant to higher concentrations of MTX was carried out by a stepwise increase in MTX concentration. Fig. 1 (Fig. 2a) . The elevation represents an approx. 20-fold increase in DHFR specific activity. Fig. 2(a) also shows the DHFR activity in HL-60 (R4 -) cells. These cells were washed free of MTX and grown in the absence of MTX for 28 cell doublings. Removal of selection pressure did not result in a decrease in DHFR activity (Fig. 2b) (Fig. 2b) , which are unstably resistant to MTX by virtue of DHFR-gene amplification (results not shown).
Relative DHFR-gene dosage in HL-60 (S) and HL-60 (R4) cells Since an increase in DHFR activity is usually associated with the concomitant amplification of DHFR genes (Schimke, 1984) , we wanted to determine whether gene amplification had taken place in the HL-60 (R4) cells. The relative gene dosage was determined by dot-blot analysis of genomic DNA from HL-60 (S) and HL-60 (R4) cells using a 32P-labelled mouse DHFR cDNA probe (pDHFR 11). The analysis was carried out by the method described by Varschavsky (1981) . Fig. 3(a) shows that the DHFR-gene dosage in the HL-60 (S) and (R4) DHFR (Dedhar & Goldie, 1983) and subsequently shown to have increased DHFR-gene copy numbers by Southern-blot analysis. From Fig. 3 (a) the gene dosage in the L5178Y(R) cells can be estimated to be 25-fold greater than in the L5 1 78Y (S) cells, and indicates that this method can be used to determine relative gene dosages in different cells. Fig. 3(b) shows the actual autoradiograph of the dot analysis from which the data presented in Fig.  3 (a) were obtained.
DHFR mRNA content in MTX-sensitive and -resistant HL-60 cells Dot-blot analysis of purified mRNA from sensitive and resistant cells failed to show any differences in the DHFR mRNA content in the two cell lines (Figs. 4a and 4b ). This finding is consistent with lack of gene amplification and also with the lack of overproduction of DHFR protein (see below). Included in the analysis was the DHFR mRNA content of L5178Y (S) and L5178Y (R) Lack of correlation between increased dihydrofolate reductase activity and overproduction cells, the latter has previously been shown to have increased DHFR protein and mRNA (Dedhar & Goldie, 1983) . A negative control was also carried out to show the specificity of the DHFR probe. This entailed the application of increasing amounts of globin mRNA (obtained from Bethesda Research Laboratories) to the nitrocellulose filter, followed by hybridization with nick-translated 32P-labelled DHFR cDNA. No autoradiographic signal was visible, and the radioactivity was similar to background when the cut filter paper was subjected to liquid-scintillation counting (results not shown).
DHFR content in HL-60 MTX-sensitive and -resistant cells
The DHFR content in sensitive and resistant cells was determined by two different procedures. SDS/polyacrylamide-gel electrophoresis of cellular lysates and immune-dot-blot assays. The rate of DHFR synthesis was determined by immunoprecipitation of [35S]methionine-labelled cellular proteins. Fig. 5 shows the silver-stained profile of SDS/polyacrylamide-gel electrophoresis carried out on cellular lysates from HL-60 (S) and HL-60 (R4) cells. As can be seen, the 20-fold increase in DHFR activity is not associated with a concomitant 20-fold increase in DHFR protein. There does not appear to be a difference in the intensities of the protein bands in the S and R4 lanes corresponding to the mouse DHFR band at approx. 20 kDa. By using a similar procedure, Domin et al. (1983) were able to detect increased DHFR band intensities from cells with as little as 9-fold increases in DHFR protein. Therefore a 20-fold increase in DHFR protein should have been detected by this method. Antibody immunolocalization using mouse anti-DHFR on Western blots of these gels failed to detect DHFR bands in lysates of all three cell lines, indicating that the DHFR content was too low to be detected, or that the mouse antibody failed to react with the human DHFR. The latter explanation is unlikely, since more than 85%
homology has been shown between mouse and human DHFRs (Chen et al., 1984) . Fig. 6 shows the immune-dot-blot analysis of cell lysates from the sensitive and resistant cells using antibody prepared against L5178Y-mouse-leukaemia-cell DHFR (Dedhar & Goldie, 1983 Table 1 . Synthesis of DHFR Cells were incubated in the presence of [35S]methionine (10 Ci/ml) in methionine-free medium for 2h, after which the cells were pelleted and lysed. Protein concentration was determined, and incorporation of the radiolabel into proteins was determined by cold trichloroacetic acid precipitation of a portion of the cellular lysates followed by liquid-scintillation counting of radioactivity. Cell lysates representing equivalent amounts of protein were immunoprecipitated with rabbit anti-(mouse DHFR) antiserum, and cold trichloroacetic acid-precipitable radioactivity in the immunoprecipitates was determined. (Table 1) . SDS/polyacrylamide-gel electrophoresis followed by autoradiography confirm these results (Fig. 7) . There is no increase in the intensity of bands corresponding to the mouse DHFR (lane B, in methionine-free medium as described in the Materials and methods section. Equivalent amounts of labelled lysates, or immunoprecipitated lysates, were applied to a 13% (w/v) polyacrylamide gel and electrophoresed as described for Fig. 5 . After electrophoresis the gel was processed for fluorography as described by Dedhar & Goldie (1983 (Dedhar & Goldie, 1983) clearly show an approx. 25-fold increase in DHFR-gene dosage in the resistant L5178Y cells (Fig. 3) . It is unlikely that we have underestimated the gene dosage because of the use of mouse DHFR cDNA to probe human sequences, since almost 90% homology exists between mouse and human DHFR coding sequences (Chen et al., 1984) .
The finding that DHFR activity can be enhanced up to 20-fold in the absence of an increase in DHFR protein has not been reported previously. The increase in DHFR activity in this case is not modulated by MTX, as has been shown by Domin et al. (1982 Domin et al. ( , 1983 , since growth of cells in the absence of MTX for up to 30 cell doublings did not diminish the activity (Fig. 2a) . It would therefore appear that the increase in DHFR activity is a stable one. This phenotype differs from that of a HeLa resistant cell line that has a comparable increase in DHFR activity which decreases on removal of MTX (Fig. 2b) . The increase in activity in this latter case is due to DHFR overproduction (result not shown) and may represent unstable DHFR-gene amplification (Kaufman et al., 1981) . _ Lack of correlation between increased dihydrofolate reductase activity and overproduction 617 cells express an enzyme with a 20-fold higher activity than that present in the sensitive cells. This could come about by one of two alternatives: the resistant cells express an altered form of DHFR leading to a more active enzyme, or, that the DHFR in the resistant cells is activated by an asyet-uncharacterized modulator of DHFR in vivo. The latter mechanism, i.e. one of activation in vivo, has a precedent in vitro. It has been known for quite some time that mammalian DHFRs can be activated up to 10-fold in vitro by compounds such as organic mercurials Barbehenn & Kaufman, 1982) and tetrathionate (Barbehenn & Kaufman, 1980) , which react with a single thiol group located near the N-terminal end of the molecule. The activated conformer in vitro has been recently characterized in detail (Barbehenn & Kaufman, 1982) and found to exhibit a markedly increased sensitivity to heat, proteolysis and the ionic environment as compared with the native form ofDHFR. Preliminary results from our laboratory indicate that the DHFR from HL-60 (R4) cells is also highly sensitive to heat and ionic environment as compared with that in the HL-60 (S) cells (S. Dedhar & J. H. Goldie, unpublished work) . An increasing number of enzymes have been shown recently to be modified by thiol reaction in vivo, e.g. liver phosphorylase phosphatase (Usami et al., 1980) , rat brain adenylate cylase (Baba et al., 1978) , eukaryotic initiation factor 2 (Jagus & Safer, 1981) . It is possible that the putative physiological modulator normally regulating the activity of DHFR in vivo has been permanently 'turned on' in the HL-60 MTX-resistant cells, leading to the activation of normal DHFR.
It is not clear as to what extent the 20-fold increase in DHFR activity would have on the resistance of these cells to MTX. Other mechanisms, such as impaired influx of MTX (Sirotnak et al., 1968) and decreased polyglutamation of MTX (Jolivet et al., 1982) cannot be ruled out. In any case, the availability of a cell line that expresses a more active DHFR may lead to a better understanding of the regulation of DHFR activity in vivo and may also be of relevance in chemotherapy with folate antagonists.
